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Abstract
We consider the production of excited leptons (l¯∗l as well as l¯∗l∗) at the LHC, followed by
their two body decay into Standard Model (SM) particles. We perform the next-to-leading
order (NLO) QCD corrections to these processes. In spite of the non-renormalizable nature
of the interaction, such calculations are possible and meaningful. Not only are these
corrections substantial and significant, the scale dependence of the NLO cross section is
greatly reduced as compared to that for the leading order (LO) cross sections.
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1 Introduction
The recent discovery of a Higgs like scalar particle at LHC may complete the most successful
model in particle physics namely the Standard Model (SM). In spite of this huge success, there
are other issues like the replication of the fermion families, dark matter, baryogenesis etc. that
are still not understood within the framework of the SM. To address these, one needs to consider
physics beyond the SM. Some possible candidates are supersymmetry [1], grand unification [2,3]
(with or without supersymmetry), family symmetries (gauged or otherwise) and quark-lepton
compositeness [4]. The proliferation of fermion generations suggests the possibility of quarks
and leptons being composite objects rather than elementary particles. In these theories [5, 6],
the fundamental constituents, preons [7], experience an additional strong and confining force.
At energies far above a certain (compositeness) scale Λ, preons are almost free. Below this
scale the interaction of preons become very strong forcing them to form bound states, namely
quarks and leptons. Understandably, in such models, higher (excited) states of quarks (q∗) and
leptons (l∗) must also exist. At energies below Λ, the interaction of the l∗ with the SM fermions
can be parametrized in terms of an effective four-fermion Lagrangian given by [8]
LCI = 2pi
Λ2
∑
i,j=L,R
[
ηij
(
q¯iγµqj
)(
l¯∗i γ
µlj
)
+ η′ij
(
q¯iγµqj
)(
l¯∗i γ
µl∗j
)
+ h.c.
]
, (1)
where l represents the SM lepton. In the above, we have not explicitly accounted for the full
SU(2)L × U(1)Y invariance of the couplings, but this is to be understood, for the scale of
compositeness has to be larger than the electroweak scale. This implies that not only would we
produce, say, e¯∗e∗ and e¯∗e, but also e¯∗ν∗e , e¯
∗νe, and ν¯
∗
ee.
The excited fermions can also be transformed into ordinary SM fermions through the gauge
bosons. The effective gauge mediated Lagrangian [8,9] between a SM fermion F and its excited
counterpart F ∗ is given by
LGM = 1
2Λ
F¯ ∗Rσ
µν
[
gsfs
λa
2
Gaµν + gf
′′ τ
2
.Wµν + g
′f ′
Y
2
Bµν
]
FL + h.c. (2)
where Gaµν ,Wµν and Bµν are the field strength tensor of the SU(3), the SU(2) and the U(1)
gauge fields respectively. The parameters fs, f
′′ and f ′ are usually of the order of unity.
It is evident that these operators may lead to significant phenomenological effects in collider
experiments such as e+e− [10], e P [11] or hadronic [12–14]. It is quite obvious that the effects
would be more pronounced at higher energies, given the higher-dimensional nature of LCI and
LGM . The best low-energy bounds on such composite operator would arise from the precise
measurement of leptonic branching ratios (BR) of the τ [15]. Similarly, loops with these excited
states can significantly modify rare processes and a comparison with the experimental data can
impose bounds on their masses and couplings. These bounds, though, are quite weak [16].
The best direct constraints on such excited states come from the Delphi [10] and CDF [12]
experiments. For the contact interaction scale Λ = 1 TeV, CDF has excluded the excited
electron mass below 756 GeV at the 95% C.L.. More recently, the measurement of the l¯lγ cross
section [13,14] at high invariant masses set the most stringent limits on contact interactions of
the type given in eqn.(2). For Λ = M∗, CMS has excluded excited electrons below 1070 GeV
and excited muons below 1090 GeV at the 95% C.L.. For higher values of contact interaction
scale (viz. Λ = 2 TeV), the excited lepton mass has been excluded below 760 GeV for electrons
and 780 GeV for muons.
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It is a well known fact that QCD corrections can alter, quite significantly, generic cross
sections at hadron colliders. Even for a simple process like Drell-Yan [17], the leading order
(LO) approximation is a serious underestimation, forcing us to incorporate at least the next-
to-leading order (NLO) or, better, next-to-leading log (NLL) [18, 19] results in Monte Carlo
codes [18] or event generators such as JETRAD [20] and HERWIG [21]. It is expected that
such corrections would be important in the context of other processes as well. Recently, the
above-mentioned contact interactions have received much attention from both CMS [13] and
ATLAS [14] collaborations. They have searched for heavy excited leptons via the l¯lγ channel
and put a bound on its mass. However, there exists no higher order calculations for this process,
and, consequently, all collider searches of contact interaction have either been based on leading
order calculations, or, have assumed that the higher order corrections are exactly the same as
for the SM process. In this article, we aim to rectify this unsatisfactory state of affairs. While
it may seem that the NLO corrections to the processes driven by such non-renormalizable
interactions are ill-defined, it is not quite true [22, 23]. In particular, if the interaction can be
factorized into a current-current form, with colored fields appearing in only one current, then
the NLO QCD corrections affect only this current and can be computed without any difficulties.
For example, Ref. [22] dealt with contact interactions involving the SM fermions alone.
The rest of the article is organized as follows. In Section 2, we start by outlining the
general methodology and follow it up with the explicit calculation of the NLO corrections to
the differential distribution in the dilepton (l¯∗l, l¯∗l∗) invariant mass. In Section 3 we present
our numerical results. And finally, we summarize in Section 4.
2 NLO corrections
We consider excited leptons production in the context of contact interaction as exemplified by
eqns.(1,2) at LHC. The processes are
P (p1) + P (p2) → l∗
(−)
(l1) + l¯
( )
(l2) +X(pX)
|→ l(−) (l3) + V (p4) ,
(3)
P (p1) + P (p2) → l¯∗(l1) l∗(l2) +X(pX)
|| |→ l(l4) + V (p5)
|→ l¯(l3) + V ′(p4) ,
(4)
where pi(i = 1, 2) denote the momenta of the incoming hadrons and li those for the outgoing
leptons. Similarly, the outgoing vector bosons V, V ′(= γ, Z,W ) have momenta p4,5 whereas the
inclusive hadronic final state carries pX . In the above mentioned processes, we have considered
only two body leptonic decays of the excited leptons1. The hadronic cross section is defined in
terms of the partonic cross section convoluted with the appropriate parton distribution functions
fPa (x) and is given by
2S
dσP1P2
dQ2
=
∑
ab=q,q¯,g
∫ 1
0
dx1
∫ 1
0
dx2 f
P1
a (x1) f
P2
b (x2)
∫ 1
0
dz 2 sˆ
dσab
dQ2
δ(τ − zx1x2), (5)
1 Also possible are three body decays through the four-fermi interactions with their own QCD corrections.
We postpone a discussion of this issue to a later study [24]
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where xi is the fraction of the initial state proton’s momentum carried by the i
th parton. For
the sake of completeness,
S ≡ (p1 + p2)2 sˆ ≡ (k1 + k2)2 Q2 ≡ (l1 + l2)2
τ ≡ Q
2
S
z ≡ Q
2
sˆ
τ ≡ z x1 x2.
(6)
At a first glance, the non-renormalizable nature of the effective Lagrangian threatens to come
in the way of reliably calculating loops. However, the fact that it can resolved into a product of
a hadronic current with a non-hadronic one allows us to factorize the QCD corrections. These
affect only the hadronic current, with the latter being a dimension three operator. With the
leptonic tensor being a mute spectator, the offending higher-dimensional nature of the effective
Lagrangian never comes into play.
Of particular interest is the leptonic tensor with two massive final state particles, namely
Ljj
′→ l l′ =
∫ 2∏
i
(
dnli
(2pi)n
2pi δ+(l2i −m2i )
)
(2pi)n δ(n)
(
q − l1 − l2
)
|Mjj′→ l∗l′ |2 , (7)
which leads to
Ljj′→l∗ l′ =
(
− gµν + qµqν
Q2
)
Ll∗l′(Q
2) (l′ = l, l∗), (8)
with
Ll∗l(Q
2) =
1
12
(
Q2 − m
2
1 +m
2
2
2
− (m
2
1 −m22)2
2Q2
)
. (9)
To calculate the Q2 distribution of the excited lepton pair (l¯∗l∗ or l¯∗l), one needs to calculate
the hadronic tensor as well. For this part of our calculation, we have followed the procedure
of Ref. [22]. The physical hadronic cross section can be obtained by convoluting the finite
coefficient functions with appropriate parton distribution functions and hence the inclusive
differential cross section is given by
2S
dσP1P2
dQ2
(τ, Q2) =
∑
q
∫ 1
0
dx1
∫ 1
0
dx2
∫ 1
0
dz δ(τ − zx1x2)FV A GV A
GV A ≡ Hqq¯(x1, x2, µ2F )
{
∆
(0),V A
qq¯ (z, Q
2, µ2F ) + as∆
(1),V A
qq¯ (z, Q
2, µ2F )
}
+
{
Hqg(x1, x2, µ
2
F ) +Hgq(x1, x2, µ
2
F )
}
as∆
(1),V A
qg (z, µ
2
F ),
(10)
where the renormalized parton flux Hab(x1, x2, µ
2
F ) and the finite coefficient functions ∆
(i)
ab are
given in Refs. [22,23,25]. The effective coupling FV A contains information of all the couplings,
propagators and the massive final state particles and is given by
FV A = |η|
2β
12
Q2
Λ4
{
1− (m
2
1 +m
2
2)
2Q2
− (m
2
1 −m22)2
2Q4
}
, (11)
β =
(
1 +
m41
Q4
+
m42
Q4
− 2m
2
1
Q2
− 2m
2
2
Q2
− 2m
2
1
Q2
m22
Q2
) 1
2
. (12)
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3 Results and Discussion
In the previous section, we have calculated the differential distribution with respect to the
invariant mass of the leptonic pair (either l¯∗l or l¯∗l∗). The total cross section is trivially
obtained by integrating over Q2 namely
σP1P2(M2∗ , S,Λ) =
∫
dσP1P2(τ, Q2)
dQ2
dQ2. (13)
We present our numerical results for three different LHC energies, namely
√
S = 7, 8, 14
TeV. We start by making the simplest choice for the renormalization and the factorization
scale, viz. µ2R = µ
2
F = Q
2, and postpone a discussion on the dependence on µR,F until later.
Since the QCD correction does not depend on the contact interaction scale Λ, for definiteness
we use a particular value namely Λ = 6 TeV, unless it is quoted to be otherwise. Similarly, all
the coupling constants ηij and the f ’s are also held to unity. While the main findings of this
paper are essentially independent of these specific values for the parameters, the later have been
chosen so as to facilitate a quick and easy comparison with the experimental analyses existing
in the literature. For the same reason, we use the Cteq6Pdf [26] parton distribution functions
(PDFs), unless specifically mentioned otherwise. Thus, the leading order (LO) hadronic cross
section is obtained by convoluting the LO parton distribution function (namely Cteq6l1) with
the LO partonic cross section and for the NLO hadronic cross section, we convolute the NLO
parton distribution (namely Cteq6m) with the NLO partonic cross section. The corresponding
QCD scale is ΛQCD = 0.226(0.165) GeV for NLO (LO) for nf = 5.
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Figure 1: Variation of total cross-section for l¯∗l∗ and l¯∗l production with respect to excited
lepton mass (M∗) at the LHC. For each set, the solid (dashed) lines refer to NLO (LO) cross
sections. Upper (lower) set represents l¯∗l (l¯∗l∗) for Λ = 6 TeV.
To start with, we discuss the NLO corrections to l¯∗l (this, by definition, includes l¯l∗ as well)
and l¯∗l∗ production in general, specializing later to a particular final state, namely l¯lγ, which
has been analyzed by both the CMS [13] and ATLAS [14] collaborations. In the context of
the excited lepton, this final state is primarily attained through the production and subsequent
decay of an l∗. As the decay is free of any QCD correction, the NLO QCD correction to the
full process, namely l¯lγ production is essentially the same as that for on-shell l¯∗ production.
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Figure 2: Variation of individual total cross-section for l¯∗l production with respect to the excited
lepton mass (M∗) at the LHC. For each set, the solid (dashed) lines refer to NLO (LO) cross
sections. In upper panel, the upper (lower) set represents uu¯ (dd¯) initiated process and in lower
panel, the upper (lower) set represents ud¯ (du¯) initiated process at born level for Λ = 6 TeV.
In figure 1, we have plotted the total cross section for both single and pair-production of
excited leptons, as a function of its mass M∗. In calculating the same, we have assumed that
the four-fermi operators are flavour-democratic, i.e., the couplings ηij (η
′
ij) are independent of
the quark flavour. In other words, the cross sections in figure 1 contain the contributions of
all of the light quarks (u, d, s), with those of the heavier quarks being essentially negligible.
The contribution of the individual light quark is depicted in figure 2. The decrease of the cross
sections withM∗ is not only due to the fall of the partonic cross sections, but also due to the fall
in effective flux of the qq¯ pair (relevant for both the LO and the NLO calculations) as well as the
qg pair (relevant for NLO alone) with increasing parton momentum fractions. Understandably,
the fall of the total cross section is faster for lower center of mass (c.o.m.) energies
√
S(≡ 7, 8
TeV) than the higher c.o.m. energy
√
S(≡ 14 TeV). As expected, the l¯∗l∗ production cross
section is both lower than and falls faster compared to the l¯∗l production cross section. All the
cross sections (figures 1, 2) have similar qualitative features (though the actual numbers are
quite different), a reflection of the flavour-independence of the underlying dynamics.
To quantify the enhancement of NLO cross section, we define a variable called K-factor as
given by
Ki =
σNLOi
σLOi
i = total, uu¯, dd¯, ud¯, du¯ (14)
where the LO (NLO) cross sections are computed by convoluting the corresponding parton-level
cross sections with the LO (NLO) parton distribution functions.
In figures (3,4) we have shown the variation of the K-factor with respect to M∗. The
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Figure 3: Variation of K-factor with respect to the excited lepton mass (M∗) for Λ = 6 TeV at
the LHC.
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Figure 4: Variation of individual K-factor with respect to excited lepton mass (M∗) for Λ = 6
TeV at the LHC.
variation of the total K-factor is about 25% − 30% for moderate values of M∗(≤ 1 TeV) at
low c.o.m energies (
√
S = 7, 8 TeV) in figure 3. At larger mass region (M∗ > 1 TeV), the
K-factor rises very fast (25% − 60%). At high c.o.m energy (√S = 14 TeV), the variation of
the K-factor is about 25% − 30% for even larger masses (M∗ ≤ 2 TeV). Figure 4 shows the
variation of the K-factor for individual flavors only for the l¯∗l production process. In figures
(3,4), the rate of change of the K-factor is much slower at higher c.o.m energy (say
√
S = 14
TeV) than the lower c.o.m energies. This is a consequence of the fact that at lower c.o.m
energies, we are forced to higher momentum fractions, and, hence, are integrating over smaller
phase space regions. As the Bjorken x increases towards unity, the parton distribution function
falls very steeply This is the reason why at lower c.o.m. energies, the K-factor increases very
fast as mass M∗ increases towards the center of mass energy. One can also see from figure 4
that the numerical difference between the individual flavor K-factors is due to their respective
flux difference. Since the d-quark parton density falls faster than the u-quark parton density
with scale, the K-factor falls steeply for dd¯ initiated processes than uu¯ initiated processes. This
also explains the variation of K-factor for du¯ and ud¯ processes where the earlier processes, the
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flux dominated by valence d-quark and later, the flux dominated by valence u-quark.
3.1 l¯lγ production
The excited heavy lepton will decay into a light SM lepton and a electroweak gauge bosons
V (≡ γ, Z,W ) according to the Lagrangian of eqn.(2). Therefore the total NLO cross section of
lepton pair (l¯l) and a gauge boson V can be calculated by multiplying the branching ratio to
the eqn.(13) as given below
σP1P2(M2∗ , S,Λ) = BR(l
∗ → lV )
∫
dσP1P2(τ, Q2)
dQ2
dQ2. (15)
The partial decay width of the excited lepton for various electroweak gauge bosons is given
by
Γ(l∗ → lV ) = 1
8
α f 2V
M2∗
Λ2
(
1− m
2
V
M2∗
)(
2 +
m2V
M2∗
)
, (16)
with
fγ = f
′′ T3 + f
′Y
2
, (17)
fZ = f
′′ T3 cot θW − f ′Y
2
tan θW , (18)
fW =
f ′′√
2
csc θW , (19)
where T3 denotes the third component of the weak isospin and Y represents the weak hyper-
charge of excited lepton. θW is the Weinberg’s angle. The compositeness parameters f
′′ and f ′
are taken to be unity through out our analysis. The variation of these parameters have been
considered elsewhere (for example in Refs. [27, 28]). The decays of excited lepton mediated by
electroweak interaction is mostly dominated byW -boson and a SM lepton. For sufficiently large
excited lepton mass (at least larger than mW and mZ), the branching ratios are insensitive to
M∗. However this is not quite true when one considered the three body decay through contact
interactions. In this case, the decay width of contact interaction (ΓCT ) is dominated over the
width of electroweak interaction (ΓG) as the mass of excited lepton increases which is shown in
table 1.
M∗ (GeV) Γtot/M∗ ΓG/Γtot ΓCT/Γtot Br(l
∗ → lγ)
400 3.85×10−4 0.6557 0.3443 0.1894
600 1.25×10−2 0.4649 0.5351 0.1308
800 3.17×10−2 0.3303 0.6697 0.0911
1000 6.82×10−2 0.2407 0.7593 0.0668
2000 8.94×10−2 0.0738 0.9262 0.0204
Table 1: Decay widths of excited lepton and branching ratio BR = Γ(l∗ → lγ)/Γ(l∗ → all) for
ηij = f
′′ = f ′ = 1 and Λ = 2 TeV. Γtot represents the total decay width.
In figure 5, we have plotted the total cross section versus the invariant mass of a SM lepton
and a photon M∗(≡ Mlγ) for two different PDFs, namely CTEQ6 [26] and MSTW 2008 [29]
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Figure 5: Total cross-section for ll¯γ production at the LHC. For each set, the solid (dashed)
lines refer to NLO (LO) cross sections. Upper (lower) set is for Λ = 2(6) TeV.
for two different values of the contact interaction scale (Λ = 2, 6 TeV). As before (and for
identical reasons), the cross section decreases as the invariant mass M∗ increases. From figure
5, we see that as the contact interaction scale (Λ) increases, the cross section (both LO as well
as NLO) decreases uniformly as Λ−4 as expected from eqn.(1). Therefore, one can obtain the
cross section (for both LO as well as NLO) for arbitrary values of Λ by multiplying our results
by an appropriate scale factor.
In Fig.6, we plot a particular measurable, viz. the product of the cross section and the
branching fraction, along with the 95% CL upper limit as obtained by the CMS collaboration
[13]. From this figure, it is clear that on inclusion of NLO QCD corrections, the mass limit on
the excited leptons are enhanced somewhat, and which we quantify in table 2.
In figure 7, we display the photon transverse momentum distribution with same lepton-
photon invariant mass cut (M cutlγ ) as given in [13]. In this figure, we consider the projected
luminosity 20 (100) fb−1 at
√
S = 8(14) TeV LHC energy. This figure demonstrates that the
enhancement has a relatively small dependence on the photon pT , and thus the language of the
K-factor is a useful one not only for effecting Monte-Carlo studies of the process, but also for
analysing actual data.
We now turn to the dependence on the choice of the parton distributions. As figure 8 shows,
8
Λ (TeV) σ (Pb) Excited lepton mass (GeV)
LO NLO
1 0.173 1077 (1070) 1137
2 0.174 748 (760) 804
Table 2: Mass limit for the excited lepton. The number within the first bracket represents the
CMS result.
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Figure 6: Variation of production cross section times branching fraction with excited lepton mass
(Red and Green lines) and the blue line is the observed limit (95% CL) taken from CMS [13].
the variation of K-factor is about 20% − 30% for both the PDFs, CTEQ6 and MSTW 2008.
The major difference in K-factor between the two PDFs (specially at low center of mass energy)
is due to the different parametrization of their parton distribution function (owing to their use
of different data sets to extract the PDFs). As can be expected, the difference is minor for
low values of M∗/
√
S (where experimental data abounds and the understanding is better), and
increases with the ratio. This difference is irreducible at present and can be reduced only on
inclusion of either more data (and, hence, more refined PDFs), or the calculation of still higher
order effects.
In our above discussions, we have considered the simplest case µ2F = µ
2
R = Q
2 where the
cross section depends only on physical scales like the c.o.m. energy (
√
S) and the masses of
final state particles (M∗). Now we turn on another scale called factorization scale µ
2
F (= µ
2
R the
renormalization scale) and we have shown the factorization scale dependent of our NLO result
in figure 9. From this figure, it is clear that the scale dependence reduces greatly at NLO cross
section compare to LO cross section. This signifies the necessity of NLO QCD corrections.
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Figure 7: Photon transverse momentum distribution at three different excited lepton masses
and three different LHC energies for MSTW 2008 parton distribution functions.
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Figure 8: K-factor for ll¯γ production at three different LHC energies. The lower (upper) set is
for MSTW 2008 (CTEQ6) parton distribution functions.
4 Conclusions
To conclude, we have systematically performed the next-to-leading order QCD corrections for
the V ± A type contact interactions as given in eqn.(1). As opposed to naive expectations,
we have showed that the QCD corrections are meaningful and reliable even in such a non-
renormalizable theory.
We have analyzed the variation of cross section with respect to the excited lepton mass
(and, hence, the invariant mass of one SM lepton and a SM gauge boson) at the LHC. The
enhancement of the NLO cross section over the LO cross section is found to be quite significant.
To quantify the enhancement, we present the corresponding K-factors in a form suitable for
experimental analyses. A quick estimate shows that the inclusion of these corrections changes
the mass exclusion limits by about 60 GeVs.
As is well known, the cross section calculated at the leading order in perturbation theory
suffers scale uncertainty on account of the arbitrariness in the choice of factorization and renor-
malization scales. These uncertainties are due to the absence of higher order contributions in
the calculations. On inclusion of each higher order, these scale uncertainties reduce gradually
and the predictions are expected to become more reliable. This is explicitly borne out by our
calculations, which demonstrate that the scale dependence of the NLO result is greatly reduced
in comparison to that for the LO case.
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